Plan-view transmission electron microscopy investigation of GaAs/(In,Ga)As core-shell nanowires Plan-view transmission electron microscopy in combination with electron energy-loss spectroscopy have been used to analyze the strain and the chemical composition of GaAs/(In,Ga)As core-shell nanowires. The samples consist of an GaAs core and a radially arranged (In,Ga)As layer as quantum well and GaAs outer-shell. The nominal parameters of the quantum well in the two samples under investigation are: an indium concentration of 25% and a quantum well thickness of 22 nm and 11 nm, respectively, while the core and the external shell dimensions are fixed. Scanning transmission electron microscopy using high-angle annular dark field detector was performed to verify the actual dimensions of the layers. Geometric phase analysis was carried out in order to examine the local strain of the radial (In,Ga)As quantum well, while the local chemical composition was determined by means of spatially resolved electron energy-loss spectroscopy. Finite elements calculations were carried out in order to simulate the multi-shell structure and extract the actual strain distribution. The results indicate that there is a uniform strain distribution at the coherent interfaces. In addition, based on calculations, we show that there is no region in the considered core-shell structure absolutely free of strain. Nanowires (NWs) with core-shell heterostructures are receiving much attention since their unique optical properties have some potential applications, [1] [2] [3] [4] [5] [6] [7] in particular, because these heterostructures take up a large volume fraction of the entire NW. 8, 9 Obviously, the precise control of interfaces and chemical compositions at nano-scale level is very important for such three-dimensional (3D) structures. In addition, it is expected that beyond the critical dimensions of the NWs (as in the planar case), the epitaxial strain can be relieved by generating surface undulations or edge-type misfit dislocations both along and/or around the NWs. 10, 11 Due to the NW geometry and the resulting 3D strain distribution, a detailed structural characterization is required, for instance, by means of transmission electron microscopy (TEM), to analyze whether the shells or quantum wells (QWs) are either relaxed or strained and, if so, which is the mechanism for the mentioned strain relief.
One of the key aspects in the characterization of the NWs by TEM is the combination of several projections in order to obtain comprehensive data. In the case of core-shell NWs, projections parallel and perpendicular to the wire axis are generally used, named as plan-view and cross-section, respectively. In this letter, we will show only results based on plan-view configuration although cross-section projections were also taken in order to determine the crystal structure of the NWs.
The GaAs/(In,Ga)As core-shell NW samples were grown on Si(111) substrates by molecular beam epitaxy (MBE) in the self-assisted approach. The NW density is in the order of $10 7 cm À2 . The nominal structure consists of a GaAs core with a diameter of 50 nm followed by a 50 nmthick shell grown at lower temperature. Since TEM cannot distinguish between this shell and the core, in what follows we will refer to the combination of both, as the inner-shell plus the core (ISC). The structure continues with a radially arranged (In,Ga)As QW and finally, an external GaAs outershell layer of 30 nm thickness that was grown after the QW. The two samples under investigation have the nominal indium concentration of 25%, whereas the nominal QW thickness was 22 nm for sample A and 11 nm for sample B. Details about the growth parameters of a similar structure are given elsewhere. 12 The plan-view TEM specimen preparation was performed by a two-step procedure adapted for achieving better reproducibility when working with NWs longer than 1 lm. 13 First, the NWs were mechanically stabilized (without detaching the NWs from the substrate) spreading 30 ll of a solution of EPO-TEK glue from Epoxy Technology on acetone (3:100) over the sample and hardened at 150 C for 30 min. In the second step, the NW samples were thinned, from the back-side only, using standard methods of grinding, dimpling, and Argon ion milling until electron transparency was reached.
The samples were characterized by conventional and high-resolution (HR) TEM either on a JEOL JEM-3010 or JEM-2100F microscope. Electron energy-loss spectroscopy (EELS) was performed on the JEM-3010 microscope operating at 300 kV. Scanning (S) TEM images were obtained on the JEM-2100F system operating at 200 kV and recorded using high-angle annular dark field (HAADF) detector for Z-contrast imaging conditions. 14 The In M 4,5 edges and the a)
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As L 2,3 edges were used to quantitatively measure the indium concentration, an InAs sample was used as a reference to extract the local In composition. 15 Here, the EEL spectra were recorded inside the (In,Ga)As QW of sample A (nominal QW width of 22 nm) using a spot size of 6 6 2 nm (measured at the full width at half maximum of the incident electron beam). Since the strain calculations of realistic morphologies are hardly possible within an analytical attempt, a numerical approach based on finite element method (FEM) may serve as a powerful alternative. FEM calculations were carried out using the commercial program package MarcMentat. Thereby, the full elastic anisotropy was considered by elastic constants, c 11 , c 12 , and c 44 , assuming Vegard's law for the ternary compound (In,Ga)As. Figure 1 depicts plan-view conventional TEM images of sample A recorded at low (a) and higher magnification (b). The low density of the NWs allows both their collective and individual characterization. The NWs clearly present a hexagonal-like shape with well-defined sharp side facets, as it is expected for the growth of zinc-blende (ZB) NWs along the axial h111i direction. This orientation is experimentally confirmed by selected area electron diffraction (SAD) using both cross-section (not shown) and plan-view [ Fig. 1(c) ] projections. Comparing the results from imaging and diffraction [i.e., Figs. 1(b) and 1(c)] we found that the side facets consist of non-polar f1 10g lattice planes, as it has been reported 16 for self-assisted grown GaAs-based NWs. Moreover, the plan-view conventional TEM of the NWs ensemble, points to a defined NW alignment with respect to each other (and we assume that also with the substrate) since a small average twist angle of 63. 5 is verified by measuring the relative rotation angle of the f1 10g planes of all NWs observed in Fig. 1(a) . Figure 2 shows the HAADF-STEM image of a typical NW of sample A [ Fig. 2(a) ] taken along the h111i zone axis. In this Z-contrast image, the brighter (In,Ga)As QW formed around the GaAs ISC is clearly distinguishable from the ISC and the GaAs outer-shell, retaining the hexagonal symmetry. Therefore, it is possible to measure the thickness of the outer-shell, the (In,Ga)As QW and the ISC. Based on intensity scan profiles across the NW [Figs. 2(b) and 2(c)], the QW thickness is determined for all six sidewalls facets, with values ranging from 20 nm to 23 nm for a selected NW of sample A (Table I ) and 8 nm to 11 nm for a selected NW of sample B (not shown). These measured thicknesses correspond well to the nominal values; nevertheless, the 5%-10% variation in thickness on different facets of the same NW is significant, and will affect the optical properties. 17 Similar variations were observed for the thickness of the GaAs outer-shell for the same selected NWs as can be seen in Table I . However, these variations in the dimensions of the QW and outer-shell are also present for different NWs within the same sample and so cannot be taken as statistical values. The fluctuations in the QW and shell thicknesses and in the facets longitudinal dimensions can be attributed to a shadowing effect (still present even having a low NW density) during the growth, since they were grown in a self-assembled fashion and not in a patterned way, which minimizes the mentioned shadowing by controlling the spacing between NWs. All the NWs observed present a distortion from the ideal hexagonal shape, 18 being even more pronounced in those that grow very close as those observed in [ Fig. 1(d) ], where it is obvious that the extreme distortion of the shadowing effect caused in the external shell and QW dimensions. On the other hand, the contrast along the QW facet [ Fig. 2(d) ] appears almost constant, at the examined resolution, indicating a homogeneous lateral indium distribution and the absence of indium clusters, respectively.
Given the complex geometry of the NWs (3D objects), in order to extract the actual strain of the QW, it is required to know the actual indium composition. The analysis of the local chemical composition was carried out by means of spatially resolved EELS in the TEM (Fig. 3) . The indium concentration measured at different facets of a single NW and also for different NWs, varies between 22% 6 3% and 28% 6 3% (Table II) ; these values are in the range of the nominal value of 25%. Consequently, the core-shell NWs show a similar behavior in terms of variation in QW thickness and composition between the different facets of the same NW. The correlation between the In composition variation and the variation of the QW dimensions needs further investigation.
HR micrographs were taken along the h111i zone axis in order to examine the interface quality and to extract the local strain of the radial (In,Ga)As/GaAs heterostructures using the geometric phase analysis (GPA) method. 19 The GPA strain represents a relative lattice strain that is generally defined as e GPA ¼ , where d f2 20g is the f2 20g plane distance for the (In,Ga)As QW or the GaAs ISC taken as reference. For the experimental GPA calculations, we assumed that the GaAs ISC is in a bulk state. The strain maps reveal larger radial lattice distances for the f2 20g planes, as compared with the f 2 24g planes, in the (In,Ga)As QW with respect to the GaAs ISC reference lattice. Since no misfit dislocations are observed in the GPA maps, we can conclude that the interfaces are coherently strained. The fluctuations in the strain maps observed in Figs. 4(a) and 4(b) are due to the noise in the corresponding HRTEM lattice image. The local e yy GPA strain as a function of distance across the (In,Ga)As/GaAs QW is plotted in Fig.   FIG. 2. (a) Plan-view HAADF-STEM image taken along the h111i zone axis of a core-shell NW of sample A. The labels (a-f) refer to Table I, Fig. 2(a) ), the error values are extracted from the measurement. 4(c) for a sector at the center of the facet (see inset) giving an average GPA strain of $2.2%. In order to strengthen and support our experimental findings, we have applied FEM, which provides total strain, comparable to the experimental GPA strain. According to structural dimensions and chemical compositions provided by TEM and EELS, we have created a GaAs/ (In 0.25 Ga 0.75 )As/GaAs core-shell NW with an inner GaAs core diameter of 150 nm and two subsequent QW and outershell of 20 nm thickness. The outer-shell thickness in FEM calculations is set to 20 nm in order to directly compare with the dimensions of the NW used for GPA maps in Figs. 4(a) and 4(b). The in-plane components e xx and e yy obtained by FEM calculations are depicted in Figs. 4(d) and 4(e), respectively, in cross-sections through the core-shell NW sufficiently far away from the NW top facet and the base. The length of the NW is considered long enough so the boundary conditions do not have any impact on the total strain. Similar to the experimental GPA analysis, a reference must be chosen to which the total FEM strain is given. Therefore, as we assumed the GaAs ISC to be in a bulk state, we used bulk GaAs (infinite in size and thus non-strained). Since the NW growth is supposed to take place in a pseudomorphic way, the strain e zz yields a constant (not shown), whose value depends on the volume ratio GaAs vs. (In,Ga)As and reflects a vertically expanded GaAs lattice within core and outer shell, and a vertically compressed (In,Ga)As QW. Based on FEM, we derived numerically maximum values of e yy of $2.4%, in good agreement with the average experimental e yy GPA strain, $2.2%. It is worth to mention that the strain distribution obtained by FEM is qualitatively similar to the one observed experimentally in the GPA strain maps (Figs. 4(a) and 4(d) for e xx and Figs. 4(b) and 4(e) for e yy ). Then, the common general argument of an effective strain relaxation in NWs (due to the lack of geometrical constraints) obviously fails in the case of core-shell structures. Figure 5 shows a HRTEM image of the two (In,Ga)As QW interfaces. At macroscopic level, the HAADF-STEM images and the GPA show sharp interfaces, however, the detailed observation of HR micrographs reveals an atomic scale roughening at both interfaces of the QW and also at the surface of the outer-shell (not shown). There are several mechanisms that may induce this roughening, for instance, relaxation by changing 2D to 3D growth mode. 20 At this respect, even the GPA strain indicates that the interfaces between the (In,Ga)As QW and the GaAs ISC and outershell are coherently grown, and provided that these are 3D objects and that the distortion of the lattice is much more complicated than in the planar QW case (tetragonal distortion), as shown by FEM, we cannot conclude that there is not an inherent relaxation of the QW. A different origin of this atomic scale roughening could be the intrinsic atomic arrangement of the f2 20g planes, as in the case of the growth of GaAs (110) planar films, and finally, we can also attribute it to non-optimal growth conditions of the inner GaAs shell (lower growth temperature) that can induce the roughening of the first interface and subsequent interfaces and sidewalls. It is worth to mention that most of the NWs present this roughening at the sidewalls surface (GaAs outer-shell); however, we have also found cases in which the roughening is not as pronounced. In order to elucidate the actual origin of this roughening, further investigation is necessary.
In conclusion, we have investigated GaAs/(In,Ga)As core-shell NWs grown by molecular beam epitaxy by planview transmission electron microscopy. The NWs present a hexagonal-like shape with a distortion probably due to shadowing effects during the growth. In addition, and likely due to this effect, the dimensions of the QW exhibit a significant difference in thickness of 5%-10% for different facets of the same NW and also for different NWs. The indium composition, measured by EELS inside the QW, also presents a local deviation of 612% from the nominal value. We have observed a homogeneous GPA strain distribution across the NWs investigated. FEM calculations indicate that there is no region in the considered core-shell structure completely free of strain as has been also observed in the external shell of the experimental GPA strain maps. They further indicate a rather complex relaxation scenario especially close to the NW edges, which needs further investigation. The atomic roughening observed at the QW interfaces with the core and the external shell might be a source of relaxation. FIG. 5 . HRTEM micrograph of the QW taken along the h111i zone axis. Roughening at the interfaces between the QW and the core and shell is observed.
